An effective x-ray optical method to focus keV x-ray pulses shorter than one picosecond by using spherically or toroidally bent crystals is presented. The spectral, spatial, and time-dependent properties of focusing by two-dimensional bent crystals are calculated by considering geometrical effects, physical limitation in high performance crystal optics, and reflectivities obtained by x-ray diffraction theory. These properties are compared with first experimental results of focusing x rays from a plasma created by a laser pulse with 4.5 mJ energy and 100 fs pulse length. The x-ray signals, simultaneously obtained from a von Hámos spectrometer and two-dimensional bent crystals are compared and found in good agreement with theoretical data. The possibilities and aspects of laser pump x-ray probe experiments using this type of x-ray optics system and currently available laser systems are discussed.
I. INTRODUCTION
Recent developments in short pulse laser physics such as the advent of the chirped pulse amplification ͑CPA͒ have opened new possibilities for using medium size or table top laser systems to achieve ultrashort laser pulses with high peak power. 1 These pulses deliver focused intensities which are many orders higher than the threshold value for generating plasmas. 2 The interaction of ultrahigh intensity laser pulses with solids or gases can generate intense emission of VUV and x-ray radiation. There are different mechanisms by which x rays can be produced when high intensity femtosecond laser light pulses are focused on solid targets.
At first, electrons are accelerated by the radiation field of the laser pulse up to energies of order of one keV to several MeV. 3 Some of the electrons are accelerated into the target, producing Bremsstrahlung radiation and, e.g., K-shell ionized atoms in the solid target. 4 The resulting K-shell line emission from the cold plasma as well as the Bremsstrahlung can be used as an x-ray source. Furthermore, a very thin plasma layer at the front of the solid target is heated up to a temperature of several hundred eV and emits strong x-ray line emission characteristic of highly ionized plasma. First measurements of the temporal x-ray emission from a subpicosecond laser produced plasma with a fast streak camera demonstrates that in selected cases the duration can be shorter than the time resolution of the camera. 5, 6 Up to now, there is no standard method to determine the pulse length of ultrashort x-ray pulses because the temporal resolution limit of high speed x-ray streak cameras is relatively long, slightly less than 1 ps. 7 In contrast, recent publications 8 present simulation of x-ray emission spectra which show that in particular the duration for selected satellites of resonance lines from highly ionized ions should be much shorter than a picosecond. The first experiment measuring an ultrafast change of the Bragg reflection from a Langmuir-Blodgett film in a few hundreds of femtoseconds proves that the duration of the Si K␣ radiation used in this experiment is lower than 600 fs. 9 Intense ultrashort x-ray pulses can be used in different kinds of experiments such as x-ray absorption spectroscopy, x-ray diffraction, or x-ray photoelectron spectroscopy. 10 In such experiments, the time evolution of many physical phenomena induced by fast electron processes can be investigated, for instance, photodissociation, chemical reaction, or breaking chemical bonds, changes of crystallographic structures, atomic motion, or surface bondings. Several other experiments may be envisaged, where such fast processes are used to develop fast x-ray shutters based, for instance, on x-ray diffraction or x-ray absorption. On the other hand, large aperture bent crystals, developed in recent years have been applied to diagnostics of hot temperature plasmas, for example, Johann spectrometers for high resolution, high dispersion spectra, and doubly bent crystals for monochromatic imaging of laser produced plasmas, e.g., fusion plasmas and plasmas for x-ray lasers. [11] [12] [13] [14] Although such systems are highly monochromatic due to their narrow reflection curves, they provide much higher luminosity than other hard x-ray optics like total external reflection at grazing incidence or zone plates because of their much larger solid aperture angle.
The aim of the present paper is to show that such crystal devices can be applied, first to analyze the keV x-ray emission from fs laser produced plasmas and to use this radiation for application in time-resolved x-ray experiments. Combining intense ultrashort x-ray pulses with Bragg reflecting optics can open a new wide field in pump-probe experiments applied to spectroscopy or diffractometry.
II. X-RAY FOCUSING WITH BENT CRYSTALS
The fundamental focusing techniques with bent crystals for luminous high resolution spectroscopy were described in the 1930's [15] [16] [17] [18] and applied in many investigations, i.e., in solid state, atomic, and plasma physics. There was significant progress in the 1970's and 1980's in experimental investigations of highly perfect grown crystals by high resolution x-ray topography and x-ray diffractometry combined with theoretical investigations based on the dynamical theory of x-ray diffraction. 19 The combination of such new quality crystals with high performance optics and replica techniques led to new standards in x-ray spectroscopy and x-ray imaging. 20 Toroidally and spherically bent crystals were used to focus keV x rays from laser plasmas produced with high power nanosecond and picosecond laser pulses. In this way, monochromatic images were obtained from which spaceresolved plasma parameters, i.e., electron temperatures and plasma densities could be derived. 12 Narrow rocking curves of the two-dimensional bent crystals, with widths of some arcseconds, may be measured by combining the bent crystals with flat crystals in double-crystal x-ray diffractometry. 21 This article analyzes the keV x-ray line emission from a plasma heated by a fs-laser pulse. The intensity of the x-ray radiation focused by a bent crystal depends on the subtended solid angle, the reflection curve of the bent crystal, the spectral distribution of the x-ray emission, and the geometry, i.e., position of the source and magnification factor.
A. Geometry
Ideal point-to-point focusing of a source can be achieved by a crystal with ellipsoidal lattice planes if both the source and detector are placed at the foci. 22, 23 The incident angle of the x-ray radiation to the lattice planes varies over the crystal surface which means that for crystal apertures typically used the imaging is slightly polychromatic (⌬/ ϭ10 Ϫ2 -10 Ϫ3 ). If the imaging needs to be truly monochromatic the crystal should be ellipsoidally bent, but with the surface in a toroidal shape, i.e., it cuts into the lattice planes. Here the horizontal radius on which both foci has to be placed is the radius of the Rowland circle. Because such crystals are not available in practice this article describes the focusing properties of crystals where the lattice planes are parallel to the surface and bent either spherically or toroidally. In general, a toroidally bent crystal has horizontal and vertical radii of curvature R h and R v ͑Figs. 1 and 2͒. The focal lengths of the crystal in the horizontal and vertical direction f h and f v depend on R h , R v and the Bragg angle ⌰ 0 with
To obtain a point-to-point focusing f h and f v have to be equal. This leads to
If the condition of Eq. ͑1͒ is not fulfilled ͑for example, for a spherically bent crystal and ⌰Ͻ/2, Fig. 3͒ the focal planes are separated. This has to be taken into account if a small x-ray point focus is desired. The reflected energy of a crystal is given by the following integral: energy distribution of the spectrum, C͓(␣,⌽) Ϫ⌬/ 0 tan ⌰ 0 ͔ is the reflection curve of the crystal and (␣,⌽)ϭ⌰Ϫ⌰ 0 is the deviation of the Bragg angle ⌰ from the central Bragg angle ⌰ 0 corresponding to different reflection points on the crystal. By assuming isotropic radiation G(␣,⌽) can be set to unity. The source is considered as a point source. The spectral range of the focusing is small enough to neglect the wavelength dependence of the reflection curve C. A wavelength difference Ϫ 0 simply shifts the Bragg peak though an angle (Ϫ 0 )tan ⌰ 0 / 0 . In most cases of Bragg reflection, the width ⌬⌰ RC ͑FWHM͒ of the reflection curve C of the crystal is small compared to the width ⌬⌰ L ϭ⌬ L / tan ⌰ 0 of a spectral line. Typical values of ⌬⌰ RC and ⌬⌰ L are
Ϫ4 rad,
These values are for a quartz crystal in ͑10.0͒ reflection (2d 10.0 ϭ8.5096 Å) and Al K␣ radiation (ϭ8.339 Å, ⌰ 0 ϭ78.5°).
The Bragg angle ⌰ depends on the positions of the source and the reflection point on the crystal. The deviation from ⌰ 0 can be approximated 21, 25 for a spherically bent crystal to
and for a toroidally bent crystal,
where l a and l b are the source-to-crystal and the crystal-tofocus distances. Figures 4 and 5 show the comparison between the exact values of and those given by the approximations ͑3͒ and ͑4͒. It should be mentioned that the crystal size in the vertical direction is ten times larger than in the horizontal one. For the crystals of diameters up to 20 mm used up to now the approximation can be applied. For larger vertical sizes, these approximations do not truly represent the Bragg angle. Nevertheless, for Rowland circle geometry, the Bragg angle variation over most of the surface does not exceed the width of the reflection curve, about 30 arcsec in this case. Both contributions are still smaller than the spectral linewidth. For magnification factors kϽ0.7 and kϾ1.5, the Bragg angle variation increases by a factor of 20 up to 40 compared with the value at the Rowland circle position.
B. Source on the Rowland circle, k‫1؍‬
The Bragg angle variation ͑␣,⌽͒ is the smallest for the case of kϭ1. This means the source is placed on the Row- land circle (l a ϭl b ϭR h sin ⌰ 0 ). In Eqs. ͑3͒ and ͑4͒ only the ␣ 2 term remains. The variation of ⌰ in the vertical direction is negligible.
From Eq. ͑2͒ an average value J aver. can be found for the limits of min and max , for which the equation
is valid. Changing the integration variable from to ⌰ leads to
where A eff is the effective reflecting crystal area and
is the integrated reflectivity. In the range of interest, it is in the order of the width of the reflection curve of the crystal and much smaller than the angular width ⌬⌰ L of the spectral line (Ӷ⌬ L tan ⌰/). In this case J aver. can be approximated by
where J max is the maximum of the spectral line profile and E L is the total energy of this emission line emitted in 1 sr. This leads to
and to the number of reflected photons N ref :
where N L is the total number of photons of the spectral line emitted in 1 sr (E L ϭhcN L /). The x-ray photons of an emission line are collected in an solid angle ⍀ ϭA eff sin ⌰ 0 /l a 2 with l a ϭR h sin ⌰ 0 . The spectral window given by the width ⌬⌰ RC of the reflection curve C is one to two orders smaller than the width ⌬⌰ L of the emission line. Then the number of reflected photons is reduced by a factor ⌬ RC /⌬ L with ⌬ RC ϭR int /tan ⌰ 0 ϭc max ⌬⌰ RC /tan ⌰ 0 .
C. Focusing in a spectral window ⌬, k 1
If the source position is not on the Rowland circle in Eqs. ͑3͒ and ͑4͒, the term linear in ␣ becomes dominant.
There is a ⌽ 2 dependence of , which is small compared to the ␣ dependence of , but is limiting the crystal height which would reflect radiation in a limited spectral window, determined by the ␣ dependence according to the crystal width ⌬s crystal and the magnification factor k. The ⌽ dependence of can still be minimized if the ⌽ 2 term in Eqs. ͑3͒ and ͑4͒ is zero. This is the case if
in the case of a spherically bent crystals ͓Fig. 5͑b͔͒ and
in the case of toroidally bent crystals. In the limits of the crystal size mentioned above and at larger distances from the Rowland circle ͉(kϪ1)/k͉Ͼ0.2, the quadratic term in ␣ is small compared to the linear one. Hence for a fixed k,
The substitution of the ␣ integration in Eq. ͑2͒ leads to
where ⌬h crystal is the crystal height in the vertical direction perpendicular to the dispersion plane.
Equations ͑9͒ and ͑10͒ are only valid when the spectral range of the focusing setup
is larger than the width ⌬ L of the emitted spectral band width of the source. The value ⌬s crystal is the width of the crystal in the dispersion plane. Figure 6 shows the dependence of the reflected x-ray energy in relation to the x-ray energy emitted from the source
If the spectral window of the crystal ⌬ is larger than the width ⌬ L of the spectral line only a part of the horizontal crystal size ͑in the dispersion direction͒ contributes to the reflection of x rays from the spectral line. This effect grows with increasing ͉kϪ1͉, i.e., the source moves away from the Rowland circle. Further, it can be seen that if the spectral band width is rather large this function is mainly monotone. If the source is inside the Rowland circle, i.e., kϾ1, the solid angle does not change strongly. On the other hand, for demagnification, when the source is outside the Rowland circle, the effective solid angle of the crystal continuously decreases.
D. Bragg reflection, reflectivity of the crystal
The use of structurally perfect crystals provides the possibility of new x-ray optics devices, i.e., as monochromator crystals for synchrotron radiation or focusing crystal spectrometers ͓spectral resolution (⌬/) cr ϭ10 Ϫ6 -10 Ϫ4 ͔. In particular, silicon, germanium, or quartz crystals are suitable candidates because they are available as large perfect crystals and they can be bent without plastical deformation unlike other crystals like ammonium dihydrogen phosphate, pentaerythritol or others. With new techniques for elastic bending the lattice planes can be bent to an accuracy sufficient to focus x rays with precision comparable to visible reflecting optics. The maximum wavelength reflected by the crystal is limited by the double lattice spacing 2d hkl which depends on the crystallographic structure, the crystallographic orientation hkl, and the lattice constants. The Bragg law shows that in principle there is no lower limitation, since ϭ2d hkl sin ⌰, where ⌰ is the Bragg angle.
The Bragg reflection differs fundamentally from visible light reflection in that it takes place in a crystal volume, not just on the surface. The size of his volume is determined by the dynamical x-ray diffraction theory for perfect flat and bent crystals and by the kinematical theory of x-ray diffraction for mosaic crystals, i.e., they are strongly distorted by crystal imperfection.
The crystal reflectivity depends on a fundamental parameter, the Fourier component of the dielectric susceptibility hkl :
In this expression, r e is the classical electron radius, F hkl is the structure amplitude of the crystal for the hkl reflection, and V is the volume of the unit cell. In the dynamical theory, the reflectivity of a plane perfect crystal is given in approximation of no absorption by
The dynamical value of reflectivity is the smallest for the highest degree of crystal perfection. For crystals which are distorted by lattice imperfection or elastically deformed by crystal bending 26 the reflectivity generally increases. The maximum value of reflectivity occurs in the mosaic limit and is
where is the absorption coefficient for x rays of the wavelength . In general, the two limits differ greatly for weak photoelectric absorption and low structure amplitudes in contrast converge for strong absorption. For bent crystals, the reflectivity lies between these two limits depending on bending radius, susceptibility, wavelength, and Bragg angle.
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E. Crystal selection
As mentioned above, quartz, silicon, and germanium are available as highly perfect crystals suitable for x-ray optics. The possible crystal orientation with corresponding double lattice plane spacing for the longest usable wavelength are listed in Table I . The reflectivity for the perfect crystal and the mosaic crystal are compared ͑for an assumed Bragg angle of 70°͒. The width of the reflection curve for a perfect crystal sets the upper limit on the spectral resolution. It is clear that as the integrated reflectivity increases, the spectral resolution decrease provided that there is no significant change in the maximum reflection, as can be seen in Table I . To achieve maximum intensity in point-to-point focusing ͓see Eq. ͑6͔͒, an important parameter is the aperture of the bent crystal. If a crystal disk is elastically bent to a twodimensional surface, the size is limited due to the elastic stress by the critical shear stress level c . In the case, where a circular disk of radius r is pressed onto a sphere of radius R the relative length change of the crystal edge should be smaller than c /E 1 (E 1 is the Young's modulus in isotropic approximation͒. This leads to the maximum crystal diameter 2r:
For a spherically bent silicon crystal of bending radius of 150 mm, the diameter cannot exceed 18 mm. In case of a toroidally bent crystal, initially in a rectangular shape, a crystal infinitesimally narrow in one direction, say the horizontal, can be bent through a whole circle of 2 radians in the vertical direction. The dimension in the horizontal direction is limited by elastic stresses, since the length along the side of the crystal and its central axis differ. This should be also smaller than c /E 1 . By assuming that the long crystal edge is bent to a radius R v , which corresponds to a barrel like form, the crystal size ⌬s crystal in the horizontal direction is limited by
For a Bragg angle of 65.7°and a horizontal bending radius R h ϭ150 mm, this gives a horizontal size of ⌬s crystal ϭ9.5 mm for a silicon crystal. From Eqs. ͑6͒ and ͑12͒ the maximum ratio of reflected to the total number of emitted photons is
͑13͒
Silicon crystals can cover 0.01% of the whole solid angle ͑4 steradians͒ for the case of a spherically bent crystal with circular shape and 3.4% sin ⌰ in case of the toroidally bent one with a whole barrel shape. The Bragg angle is determined by the choice of the crystal and spectral range ͑spectral line or continuum͒. Figure 7 shows the change with the Bragg angle of the spectral resolution ⌬/ and the term (R int cos ⌰ sin 2 ⌰), which is the angle dependent term for the reflected intensity ͓see Eq. ͑13͔͒. A very important conclusion is that both the reflected intensity and the spectral resolution increase with Bragg angle.
For experiments where it is important to optimize the number of detected photons, for instance, an x-ray induced photoelectron spectroscopy with only a moderately narrow spectral window, a useful crystal is one whose reflection curve is as wide as possible, in order to reflect the whole spectral line, e.g., K␣ line.
For emission or absorption spectroscopy experiments, the resolution must be equal or finer than the requirement which limits the maximum integrated reflectivity. In this case, only the selection for maximum peak reflectivity c max is possible ͑see Table I͒.
F. Temporal behavior of the focusing with bent crystals
He and Wark 28 and Chukhovskii and Förster 29 studied the temporal behavior of the Bragg reflection of ultrashort x-ray pulses for the limiting cases of perfect and mosaic crystals. This behavior becomes important if the time delay ⌬ 1 due to different path lengths of the x rays reflected in the crystal volume is comparable to the duration of the reflected x-ray pulse.
For perfect crystals, where the absorption is weak compared to the extinction (t e Ӷt a ,t e : extinction depth, t a : absorption depth͒, the time delay can be approximated by
where c is the speed of light. For weakly absorbing perfect crystals, the extinction depth t e is given by 30 t e ϭ sin ⌰ 2͉ hr ͉P , which dominates the penetration depth inside the width of the total Bragg reflection of the crystal. P is a polarization dependent factor with Pϭ ͭ 1 for polarization cos͑2⌰ ͒ for polarization.
Here ͉ hr ͉ is the absolute value of the complex hth Fourier component of the real part of dielectric susceptibility. This leads to
Bragg angular, i.e., photon energy dependent contribution of the reflected x-ray energy by a silicon crystal in ͑111͒ reflection R int sin 2 ⌰ cos ⌰ and the corresponding spectral resolution. The integrated reflectivities R int for a perfect Si crystal using the dynamical theory and for a ideal mosaic crystal using kinematical theory in ͑111͒ reflection are used as lowest, i.e., highest reflectivity limit. which corresponds to the result of Chukhovskii and Förster 29 for a point source and monochromatic radiation.
The finite width ⌬⌰ RC of the reflection curves of the crystals introduces a further limit on the duration of the reflected x-ray pulse. This reason is that the finite band width corresponds to a temporal broadening of the quasi-delta pulses of the x rays, which can be determined by the Fourier transformation of the reflection curve in the frequency space. 28 For a given reflection curve profile, the width ͑FWHM͒ ⌬ in the frequency space and its Fourier transform ⌬ 2 in the time space are related by
where the constant C1 depends on the reflection curve profile in the frequency space. For a perfect symmetrically cut crystal the dynamical theory of x-ray diffraction predicts a half width ⌬⌰ RC of the reflection curve in the weak absorption limit 31 ⌬⌰ RC ϭ 2͉ hr ͉P sin 2⌰ .
This leads to
The temporal response time ⌬ 2 of the Bragg reflection due to the band width limitation on the focusing ultrashort x-ray pulses is directly related to the extinction depth t e . 28 Typical values for ⌬⌰, t e , ⌬ 1 , and ⌬ 2 ͓determined as the FWHM of the Fourier transform of the crystal reflection curve C( Ϫ 0 )͔ are shown in Table II .
In these examples, the values for ⌬ 1 and ⌬ 2 are smaller than 30 fs, and they do not introduce a significant temporal broadening of an x-ray pulse whose duration is several hundreds of fs. The effect of the temporal broadening due to band limitation of the Bragg reflection and the reflection of the x-ray pulse in a certain volume in the crystal can increase at smaller wavelength. Further, the elastic bending of the crystal causes the penetration depth inside the crystal to increase beyond the extinction depth. This effect widens the reflection curve and causes further temporal broadening.
Another factor which determines the temporal resolution for focusing ultrashort x-ray pulses is the time delay ⌬ 3 due to different optical path length for the source-crystal-focus distances. ⌬ 3 is zero only when a point source and an x-ray focus lie at the foci of a crystal bent to a rotational ellipsoid. For spherically and toroidally bent crystals, the variation of the path length and thus ⌬ 3 depend on the Bragg angle ⌰ the effective crystal aperture and the magnification factor k.
For a toroidally bent crystal with an horizontal radius of curvature R h ϭ164.0 mm, a Bragg angle ⌰ϭ65.7°͑Al He␣͒ and the position of the point source on the Rowland circle (kϭ1) ⌬ 3 has been determined by ray-tracing calculations for different diameters d of the crystal size: dϭ15 mm, ⌬ 3 ϭ4 fs; dϭ30 mm, ⌬ 3 ϭ20 fs; dϭ40 mm, ⌬ 3 ϭ60 fs; dϭ50 mm, ⌬ 3 ϭ120 fs.
Furthermore, for a crystal diameter dϭ15 mm, the temporal broadening has been calculated for different magnification factors k ͑Fig. 8͒. For k in the range 0.5ϽkϽ2, crystal aperture diameter d smaller than 15 mm and a point source, the variation in the optical path lines is in a region of 50 fs, smaller than the expected duration of an x-ray pulse.
III. EXPERIMENTS
The x-ray radiation of Al and Si targets was recorded by different focusing crystal optics to determine total number of the emitted photons, to compare the photon density and calibrate the different optics, and to draw conclusions for possible application experiments. The experiments were performed using an amplified CPM dye laser system operating at 620 nm. The maximum pulse energy was 4.5 mJ, and the background energy due to amplified spontaneous emission was less than 5% of the total energy. Second harmonic autocorrelation measurements were performed covering a signal range greater than eight orders of magnitude. An example is shown in Fig. 9 . These data show that the pulse TABLE II. Comparison of temporal broadening of the x-ray pulse by x-ray diffraction ⌬ 1 and spectral band width limitation ⌬ 2 ͓FWHM of the Fourier transform of the crystal reflection curve C(Ϫ 0 ); , 0 : frequencies͔ for different crystal reflection and x-ray wavelength. duration is less than 100 fs and that the laser intensity drops below 10 Ϫ7 of the maximum in less than 1 ps. The background signal in Fig. 9 at approximately 10 Ϫ8 is caused by scattering from the surfaces of the KDP crystal used for second harmonic generation. The two satellite peaks in the autocorrelation are caused by reflections from the crystal surface and do not represent an actual structure of the laser pulse.
The laser pulses were focused onto massive aluminum and silicon targets at an angle of incidence of 45°. The diameters of the oval-shaped projected focal spots on the sample surface were approximately 8 and 12 m for an achromatic lens with f ϭ20 cm, and 3 m and 4.5 m for an achromat with f ϭ6 cm. Examples of the measured profiles of the intensity distribution in the focal plane for normal incidence are depicted in Fig. 10 . From the pulse energy, pulse duration and focal distribution the maximum peak intensity on target is estimated to be greater than 10 17 W/cm 2 . To record Al and Si K-shell spectra a cylindrically bent Pentaerythriol ͑PET͒ crystal with a radius of curvature of 100 mm was used in the von Hámos geometry. As detectors Kodak DEF and Kodak SB film was used. The density on films was digitized in two-dimensional scans on a microdensitometer. The values of the optical density were converted to photon density on film by using the calibration of Henke et al. 32 By knowing the integrated reflectivity of the crystal and the transmission of the x-ray window used in the spectrometer, the photon density on the film has been converted to the spectral energy distribution J emitted by the source in 1 sr ͑J/sr/Å͒.
Typical Si and Al spectra are shown in Figs. 11 and 12 . The strongest lines of highly charged ions are the Si He␣ and the Al He␣ lines. Intense Si K␣ and the Al K␣ radiation produced mainly by hot electrons in colder plasma and solid target regions have also been detected. There was no measurable Ly␣ radiation. The Al He␣ and the Al K␣ lines have been chosen to test the x-ray focusing with toroidally and spherically bent crystals. For the Al He␣ line, a toroidally bent quartz crystal in 10.0 reflection was used. The spectra were recorded simultaneously using a von Hámos spectrometer. A spherically bent quartz crystal in 10.0 reflection was used to focus the Al K␣ radiation. Taking into account the transmission of the light protection foil used in front of the x-ray film the number of photons N ref reflected by the doubly bent quartz crystals was determined. To compare these data with those from the von Hámos spectra the number of photons emitted by the plasma was calculated from the spectra through the reflectivity of the PET crystal. These calculated 
A. Al He␣ focusing
X-ray monochromatic imaging was achieved for the Al He␣ line by using a toroidally bent ͑10.0͒ quartz crystal. The data of the setup are presented in Table III . The toroid is optimized for anastigmatic, i.e., two-dimensional focusing at an angle of 65.7°, which is equal to the Bragg angle. The laser energy was E laser ϭ4.5 mJ per pulse focused to a spot diameter of 10 m ͑related to normal incidence͒ at 45°to the target surface delivering an intensity of 4.1ϫ10 16 The spectral window of the toroidally bent crystal for the magnification factor used is determined by the variation of the incident angle along the horizontal crystal position ͓see Equation ͑11͔͒ and amounts to ⌬ϭ19.0 mÅ. Because this is larger than the measured linewidth the crystal reflects the x-ray line only by half the horizontal aperture. A misalignment of the Bragg angle of 0.1°, which is the main error for the calibration measurement with a 2D bent crystal, shifts that crystal area, which reflects the x-ray line horizontally by 2.5 mm. For a circular aperture as was used in the experiment, the effective aperture reflecting the line changes be- 
B. Al K␣ focusing
In a further experiment, the Al K␣ radiation was focused by a spherically bent quartz crystal ͑10.0͒ ͑see Table V͒ . Because the different focal length in the horizontal and vertical direction are different at the Bragg angle of 78.5°used here, two focal lines are formed in the horizontal and in the vertical focus position, respectively, and a spatially extended focal area between them. The measured intensity distribution corresponding to these results are shown in Fig. 14 We have presented a qualitative study of the intense emission of keV line radiation produced by a 100 fs laser focused onto silicon or aluminum targets. The use of an absolutely calibrated spectrometer allows to determine a conversion ratio of laser energy into x-ray line energy of about 1.2ϫ10 Ϫ5 . These data are in good agreement with published data of Chen et al. 33 From theoretical calculation, it is possible to derive of about T h Х5.8-15.8 keV for the hot electrons at intensity and the laser wavelength used. 34 By using absolutely measured photon numbers of the K␣ line and conversion ratio of electrons into K␣ photons of ͕1.1-6.3͖ ϫ10 Ϫ3 , the conversion ratio of laser energy into hot electrons is of the order of 5%. By assuming that the emission time of the x-ray radiation has the same value as the laser pulse duration and the emission area is the same as the focal spot, the estimated x-ray intensity in the target position is 3.3ϫ10 11 W/cm 2 , which is of a similar order as previous data of Audebert et al.
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IV. DISCUSSION
Comparison of the recorded photons in x-ray lines obtained with the von Hámos spectrometer and with the 2D crystals shows satisfying agreement. This is evidence that the measured reflectivity's of both crystals used ͓PET ͑002͒ and quartz ͑10.0͔͒ are in good agreement with diffraction theory at these wavelength. 36 Furthermore, it confirms the theoretical description of the calibration of the 2D bent crystals presented in this article.
What is the maximum photon number we can expect? The maximum photon number reflected by the crystal was measured to be about 3000 photons per pulse focused partially in a relatively large area of 200 m diameter. The focusing was incomplete because the crystal was spherically bent (R h ϭR v ) and hence astigmatic ͓Eq. ͑1͒ was not fulfilled͔. By using a toroidally bent crystal, it was possible to obtain higher average photon density of one photon per shot per micron square. In this article, it was shown that a fraction (3.5-20) ϫ10
Ϫ5 of the photons emitted from the plasma in 1 steradian were focused by a 2D bent crystal.
What is the smallest x-ray spot diameter we can expect? From ray-tracing calculation, it is well known that aberrations for toroidally bent crystals of the solid angle used spread out to the focus of a point source by not more than 10 m.
13 Measured spatial resolution of toroidally bent crystals are in good agreement with the ray tracing simulation. Assuming both the x-ray emission region shown by the experimental results are larger than the expected. Reasons of the discrepancy are first alignment errors of the bent crystal, which can produce image distortions. 13 The requirements for the alignment of the Bragg angle azimuth and focal distances are described by Dirksmöller et al. 13 If it is assumed the emission region of the x-rays is not considerably larger than the focused laser beam, the diameter of the x-ray emission spot could be in the order of about 10 m.
V. FUTURE PERSPECTIVES
From the scaling laws for the temperature T h and the flux of hot electrons delivered from the laser plasma interac- tion, it is possible to optimize the laser intensity for efficient fast electron production, to produce intense K␣ line radiation. 33 From the K-shell electron cross section which are electron energy dependent it is well known that the cross sections reach a maximum at electron energies three up to four times of the binding energy of the K electrons. Accordingly the optimum laser intensity for a laser wavelength of 800 nm ͑typical of a Ti-Sapphir system͒ should be 10 16 -8 ϫ10 17 W/cm 2 to generate hot electrons whose energy distribution has a maximum between 6 and 30 keV. Such electrons could produce K␣-line radiation between 1.6 keV ͑sili-con͒ and 8.4 keV ͑copper͒. Recently, observed data of conversion of laser energy into energy of hot electrons 37 and well known conversion ratios of electrons into K␣ radiation 38 show that it should be possible to create 5 ϫ10 8 -10 9 K␣ photons per 100 mJ laser energy. With currently available laser systems where the pulse energies are between 30 and 200 mJ, it should be possible to focus 10 4 -10 6 photons in a single shot with the described crystal optics here. In any case this signal is strong enough to register with sensitive detectors like cooled x-ray sensitive CCDs which counts almost every x-ray photon in the photon energy region mentioned.
The temporal broadening by the crystal optics of the x-ray pulse depends on the crystal rocking curve, the imaging geometry and the wavelength used. For the particular cases discussed in this article, the theoretical broadening is expected to be shorter than 100 fs. Furthermore, there are three advantages of the 2D crystal optics: ͑i͒ The reflected radiation is highly monochromatic, which is essential for spectroscopy experiments or photoelectron spectroscopy.
͑ii͒ The point-to-point focusing of the 2D crystals allows the size of the interaction region of the x rays with a pump laser beam to be reduced, which is very important for getting good time resolution.
͑iii͒ Generally, the combination of a bent crystal and a flat one used in a x-ray double-crystal diffractometer is accompanied with a strong loss of intensity due to the different dispersion of both crystals. For diffraction experiments, where an achromatic setup of a focusing 2D crystal and a flat sample crystal is used, 21 almost all Bragg-reflected intensity by the bent crystal will be also reflected by the sample crystal. There will be no significant lost of the reflected intensity by the sample crystal because the reflectivity could reach 100% at the maximum of the reflection curve.
We have presented a new technique which is promising for the application of ultrashort keV x-ray pulses to different kinds of x-ray experiments, like real time x-ray absorption spectroscopy and x-ray diffractometry. A typical setup for such experiments was proposed in Ref. 39 and was realized in Ref. 9 . In case the modification of the sample, i.e., a thin crystalline layer is very fast, this kind of correlation experiments could be used to measure the x-ray pulse width in the subpicosecond regime. The rapid progress in short pulse laser development should provide data from such short x-ray pulse experiments in the near future. Fig. 12͑b͒ 155.0 3090 1.7 3.9 ͑c͒ Fig. 12͑c͒ 161.5 1490 0.8 1.9
